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ABSTRACTS 
NETL Project Abstract: 
This study constitutes an application of electrospray ionization time-of-flight 
mass spectrometry (ESI/TOF-MS) for the analysis of aqueous ammonia chemical species 
produced in a model reactor developed by The National Energy Technology Laboratory 
(NETL) of the US Department of Energy.  The reactor is the result of experimental 
research performed by NETL on applying aqueous ammonia solution for the 
simultaneous reduction of acidic gaseous emission from fossil fuel-fired utility plants.  
The goal of using ESI/TOF-MS was to evaluate NETL process efficiency through 
analysis of the aqueous ammonia species present at various points aqua ammonia 
scrubber process, and to validate a mathematical model, developed by Duquesne 
University, used to predict equilibrium species at various points in the aqua ammonia 
scrubber process. 
 
Organotin Project Abstract: 
 This study constitutes exploratory research on the analysis of tributyltin in 
environmental and biological media.  Organotins are toxic to the environment, 
bioaccumulate, and are endocrine disruptors.  Tributyltin is an organotin that is 
persistently present in both the terrestrial and aquatic environments.  Tributyltin degrades 
into dibutyltin (DBT), monobutyltin (MBT), and eventually the tin ion. Butyltin 
compounds show a pattern of decreasing in toxicity as it degrades, and butyl groups are 
lost.  The research primarily focused on the derivitization of butyltin species for gas 
chromatography/mass spectrometry (GC/MS) analsysis. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Research Problem 
 A strong correlation exists between the observed rise in levels of atmospheric 
carbon dioxide (CO2) and the increased usage of fossil fuels for energy.  The atmospheric 
level of CO2 has risen from the preindustrial level of 280 ppm to the current level of 370 
ppm.1 Svante Arrhenius associated the greenhouse effect primarily with the concentration 
of water vapor and CO2 in the atmosphere.1  The increased usage of anthropogenic 
sources of greenhouse gases has generated concern that global warming may result from 
a shift in the equilibrium of the greenhouse effect. Global warming has been speculated 
to ultimately increase Earth’s overall temperature, deplete the ozone layer, and 
subsequently threaten life on the planet. 
Electric power production by coal, natural gas, or oil is the main source of 
anthropogenic CO2.2  By reducing the amount of CO2 released from such sources, the 
possibility of global warming effects may be avoided.3  One proposed solution is the use 
of carbon sequestration, which refers to the capture and long-term storage of CO2 from 
large point sources.  Research suggests sequestration can be accomplished by maintaining 
or enhancing natural processes, as well as through the development of novel industrial 
techniques to capture and dispose of CO2.   
Sources of deposit for the captured CO2 include4: 
• Release into the terrestrial biosphere to be up taken by trees in deep forests, as 
well as by microbial and invertebrate communities in vegetation and soils; 
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• Injection into the hydrosphere to be trapped in ocean sediments or ice-like 
solids, called hydrates; and 
• Injection into geological formations that have the potential ability to sequester 
large amounts of CO2, which include: active and uneconomical oil and gas 
reservoirs, aqueous formations, and unmineable coal formations. 
 
Figure 1: Terrestrial and geological sequestration of carbon dioxide emissions 
from a coal-fired power plant.7 
 
The National Energy Technology Laboratory (NETL) of the US Department of 
Energy (DOE) has performed experimental research in applying aqueous ammonia 
solution for the simultaneous reduction of acidic gaseous emission from fossil fuel-fired 
utility plants.   
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1.2 Research Objective 
Duquesne University has collaborated with NETL to provide the DOE with a 
mathematical model that can be used to predict equilibrium species at various points in 
the aqua ammonia scrubber process.  The model uses the following predicted equilibrium 
equations within the process. 
• NH4+ ↔ H+ + NH3 
• NH3 ↔ NH4+ + OH- 
• H2CO3 ↔ H+ + HCO3- 
• HCO3- ↔ H+ + CO32- 
• NH2CO2- ↔ NH3 + HCO3- 
• H2CO3 ↔ H+ + HCO3 
• 2NH4HCO3 ↔ (NH4)2CO3 + CO2 + H2O 
• NH4HCO3 ↔ NH3 + CO2 + H2O 
• (NH4)2CO3 ↔ 2NH3 + H2O + CO2 
The focus of this work is on the collection of data to be used in the validation and 
construction of the model and NETL process efficiency through analysis of the process 
solution using electrospray ionization coupled with time-of-flight mass spectrometry 
(ESI/TOF-MS). 
 
1.3 Research Method 
The methods employed in this study were primarily laboratory work and literature 
review concerning carbon sequestration and the application of ammonia scrubbing to 
fossil fuel-fired utility plants. NETL research has been focused on the development of an 
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aqueous ammonia scrubber model reactor.  The closed system reactor is designed to 
remove CO2 with aqueous NH3.  Samples for analysis were obtained from the NETL 
pilot reactor on June 30, 2005.  The samples were analyzed with the Agilent LC/MSD 
TOF to determine the dominant equilibrium species at various points in the aqua 
ammonia scrubber process. 
 
CHAPTER 2 
DEVELOPMENT OF INVESTIGATION 
 
2.1 Background Information 
NETL has performed experimental research in applying aqueous ammonia 
solution for the simultaneous reduction of acidic gaseous emission from fossil fuel-fired 
utility plants.  The traditional method for removal of CO2 from flue gas utilizes 
monoethanolamine (MEA); and all commercial plants that capture CO2 from flue gas use 
processes based on chemical absorption with MEA solvent.4  The reaction of MEA with 
CO2 proceeds as follows: C2H4OHNH2 (l) + CO2 (g) + H2O (l)  C2H4OHNH3+ + HCO3- 
(aq).   
The MEA process for CO2 removal offers an ideal capacity of unit weight of CO2 
absorbed per unit weight of solvent, as well as an approximate 90% CO2 removal rate 
efficiency.  MEA is also easily recovered at relatively low temperatures.  However, the 
MEA process for CO2 removal suffers the following disadvantages: 
• Low CO2 loading capacity (kg CO2/kg MEA);  
• High equipment corrosion rates;  
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• High-energy consumption during high temperature absorbent regeneration; as 
well as 
• Amine degradation by SO2, Hg, NO2, HCL, and HF, which induce a high 
absorbent makeup rate.  
It has been theorized that the substitution of MEA with aqueous ammonia (NH3) 
may circumvent many of these problems.  The ammonia process has a projected CO2 
removal efficiency rate, because of there is a higher absorption capacity of CO2/kg of 
NH3 reagent compared to CO2/kg of MEA. The ammonia process is more cost effective 
than the MEA process with the purchase price of ammonia being 1/6 of the price of the 
MEA absorbent on the same weight basis.  The major by-products of the ammonia 
process, which include: ammonium sulphate, ammonium nitrate, and ammonium 
bicarbonate, may be used as fertilizer. 
The injection of NH3 gas or aqueous NH3 is a common process used for removing 
NOx from flue gas, and thus it may be more economically efficient to use NH3 for the 
removal of CO2. For one, the purchase price of aqueous NH3 is 1/6 of the MEA absorbent 
on the same weight basis.  It has also been projected that the aqueous ammonia process 
may increase the CO2 removal rate efficiency of 80% - 90%, and has a projected 
absorption capacity of 0.9 kg CO2/kg of NH3 reagent.2  The major by-products of the 
process include ammonium sulfate, ammonium bicarbonate, and ammonium nitrate, all 
of which can be used as fertilizer. 
 
 
 
11 
2.2 Reactor Description 
NETL research has been focused on the development of an aqueous ammonia 
scrubber model reactor.  The closed system reactor is designed to remove CO2 with 
aqueous NH3 solution by loading NH3 (aq) with CO2 (g) in an absorber, and then 
liberating CO2 (g) from the NH3 (aq) in a regenerator.  The process is ultimately driven 
by the formation and reduction of ammonium bicarbonate (NH4HCO3) and ammonium 
carbonate ((NH4)2CO3).  Ammonium bicarbonate is formed in the absorber when NH4 
(aq) absorbs CO2, and ammonium carbonate is formed when CO2 is driven off in the 
regenerator. The absorber temperature is held at 27°C, and the regenerator is heated to 
93°C. As the proportion of bicarbonate in the reactor solution is increased, the more 
easily carbon dioxide is regenerated.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1:  Pictorial overview of the NETL reactor system. 
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Figure 2.2:  Schematic overview of NETL Continuous Process Flow Diagram.  (Source:  
Duquesne University – NETL Internal Meeting, June 5, 2005) 
 
2.3 Sample Acquisition 
Initially 3000 g of 14% NH3 solution was saturated with CO2 at the rate of 172 g/min 
until the pH of the solution reached 9.5.  Once the regenerator was ramped to 93°C the 
absorber outlet was opened and the cycle began.  Samples were collected every hour 
from the start of the process run to its finish via five sampling ports stationed within the 
reactor. These ports were located at the absorber inlet, at the absorber outlet, at the top of 
the absorber column, at the middle of the absorber column, and at the bottom of the 
absorber column.  Two samples were taken from each sampling port at every collection 
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period during the run. One sample was diluted with water to prevent the formation of a 
precipitate; the other sample remained undiluted. 
 
Figure 3.1: NETL laboratory technician drawing a sample from the absorber outlet 
sampling port. 
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Figure 3.2:  NETL laboratory technician collecting a sample from the absorber-middle 
sampling port. 
 
 
 
 
Figure 3.3:  NETL laboratory technician drawing a sample from the regenerator 
outlet sampling port. 
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The samples were drawn from the sampling ports using a syringe with a stainless 
steel needle, which most likely was a source of metal contamination found in the samples 
during analysis.  The syringe was also equipped with a glass barrel, which could have 
been a source of sodium carbonate contamination also found in the samples during 
analysis. 
Sample 
Number 
Date Time Amount Remarks 
1540-NH3-87 6/30/05 06:46 5 mL Pre-test  
1541-NH3-87 6/30/05 06:59 20 mL Pre-test 
undiluted 
1542-NH3-87 6/30/05 09:18 5 mL Absorber outlet 
1543-NH3-87 6/30/05 09:18 5 mL Absorber outlet 
1544-NH3-87 6/30/05 09:19 10 mL Absorber outlet 
undiluted 
1545-NH3-87 6/30/05 09:21 5 mL Regenerator 
outlet 
1546-NH3-87 6/30/05 09:21 5 mL Regenerator 
outlet 
1547-NH3-87 6/30/05 09:22 5 mL Regenerator 
outlet undiluted 
1548-NH3-87 6/30/05 10:47 5 mL Absorber outlet 
1549-NH3-87 6/30/05 10:47 5 mL Absorber outlet 
1550-NH3-87 6/30/05 10:48 5 mL Absorber outlet 
undiluted 
1551-NH3-87 6/30/05 10:48 5 mL Regenerator 
outlet 
1552-NH3-87 6/30/05 10:49 5 mL Regenerator 
outlet 
1553-NH3-87 6/30/05 10:50 5 mL Regenerator 
outlet undiluted 
1554-NH3-87 6/30/05 11:49 5 mL Absorber outlet 
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1555-NH3-87 6/30/05 11:49 5 mL Absorber outlet 
1556-NH3-87 6/30/05 11:50 5 mL Absorber outlet 
undiluted 
1557-NH3-87 6/30/05 11:51 5 mL Absorber 
bottom 
1558-NH3-87 6/30/05 11:52 5 mL Absorber 
bottom 
1559-NH3-87 6/30/05 11:52 5 mL Absorber 
bottom 
undiluted 
1560-NH3-87 6/30/05 11:55 5 mL Absorber 
middle  
1561-NH3-87 6/30/05 11:57 5 mL Absorber 
middle  
1562-NH3-87 6/30/05 11:58 5 mL Absorber 
middle 
undiluted 
1563-NH3-87 6/30/05 11:58 5 mL Absorber top 
1564-NH3-87 6/30/05 11:58 5 mL Absorber top 
1565-NH3-87 6/30/05 11:59 5 mL Absorber top 
undiluted 
1566-NH3-87 6/30/05 12:00 5 mL Regenerator 
outlet 
1567-NH3-87 6/30/05 12:01 5 mL Regenerator 
outlet 
1568-NH3-87 6/30/05 12:02 5 mL Regenerator 
outlet undiluted 
1569-NH3-87 6/30/05 12:49 5 mL Absorber outlet 
1570-NH3-87 6/30/05 12:49 5 mL Absorber outlet 
1571-NH3-87 6/30/05 12:50 5 mL Absorber outlet 
undiluted 
1572-NH3-87 6/30/05 12:50 5 mL Absorber 
bottom 
1573-NH3-87 6/30/05 12:51 5 mL Absorber 
bottom 
1574-NH3-87 6/30/05 12:51 5 mL Absorber 
bottom 
undiluted 
1575-NH3-87 6/30/05 12:56 5 mL Absorber 
middle 
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1576-NH3-87 6/30/05 12:56 5 mL Absorber 
middle 
1577-NH3-87 6/30/05 12:57 5 mL Absorber 
middle 
undiluted 
1578-NH3-87 6/30/05 12:58 5 mL Absorber top 
1579-NH3-87 6/30/05 12:59 5 mL Absorber top 
1580-NH3-87 6/30/05 13:00 5 mL Absorber top 
undiluted 
1581-NH3-87 6/30/05 13:02 5 mL Regenerator 
outlet 
1582-NH3-87 6/30/05 13:05 5 mL Regenerator 
outlet 
1583-NH3-87 6/30/05 13:05 5 mL Regenerator 
outlet undiluted 
1584-NH3-87 6/30/05 13:50 5 mL Absorber outlet 
1585-NH3-87 6/30/05 13:50 5 mL Absorber outlet 
1586-NH3-87 6/30/05 13:51 5 mL Absorber outlet 
1587-NH3-87 6/30/05 13:52 5 mL Regenerator 
outlet 
1588-NH3-87 6/30/05 13:52 5 mL Regenerator 
outlet 
1589-NH3-87 6/30/05 13:53 5 mL Regenerator 
outlet undiluted 
Table 1: Summary of NETL Technician’s sample log book documenting the name, date, 
time, quanity, and location of the sample. 
 
 
2.4 Sample Analysis 
The Agilent LC/MSD ESI-TOF with autosampling capability was used to initially 
analyze the NETL samples. The instrument provides direct measurements of species 
without separation, and high resolution to separate isotopic forms.    The liquid 
chromatography (LC) portion of the instrument was used only as an autosampling device; 
a chromatographic column was not used.  Electrospray ionization (ESI) was the 
ionization source. 
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Figure 4: Electrospray ionization chamber on the Agilent LC/MSD ESI-TOF 
 
Standards were prepared to analyze in series with the samples and separately.  
Prepared standards were 14% Optima Ammonia and Optima Water run in series.  The 
sodium carbonate standard was run separately to eliminate any possibility of sodium 
contamination in the NETL sample series.  
The instrument was manually tuned to optimize it for small molecule analysis and 
positive polarity.  The data was collected using the method small_molNETL63005A.m.  
After the run was completed at 3:00 pm, the TOF/MS was tuned to negative polarity and 
analyzed using the method small_molNETLNEG63005A.m.  The data collected in 
negative polarity was saved under Projects/Default/Data/NETL63005.  The samples and 
the Optima Ammonia were stored in a cold room at 5°C. 
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The NETL undiluted samples collected and analyzed on June 30, 2005 were 
reanalyzed on September 21, 2005.  Only the undiluted samples were analyzed because 
the chemistry of the diluted samples was different from the chemistry of the solution 
within the reactor system.  The samples were diluted with DDI water to prevent 
precipitation of the unknown solid that precipitated out of solution in the absorber.  The 
precipitation of the solid appears to be isolated in the absorber of the reactor, and even 
after approximately three months time no precipitate appeared in the undiluted samples.  
The precipitate is hypothesized to be a sodium carbonate species due to the glass present 
in the reactor, and ammonia’s ability to leach sodium carbonate from glass.  A 
considerable number of sodium carbonate species were identified in the mass spectrums 
of the samples. 
 
Figure 5: The solid precipitate that formed in the absorber over the time of the 
sampling process. 
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The samples taken on June 30th remained in the borosilicate vials and were 
removed from the cold room, which was at 5°C.  New samples were prepared in 
polypropylene vials with a polypropylene snap top from the samples taken at NETL on 
June 30, 2005. Polypropylene vials replaced the use of the amber glass vials to prevent 
further contamination of sodium carbonate in the samples.  The basicity of the ammonia 
solution caused sodium carbonate to leach out of the glass vials. 
  ESI-TOF/MS was used to analyze each of the newly prepared samples, as well as 
a 22% Optima Ammonia Standard, sodium carbonate standard, and an Optima Water 
Standard, which were used as standard references.  The mass range was set for 1-1600 
m/z with a maximum mass value set at 1600 m/z.  The instrument was manually tuned to 
optimize it for small molecule analysis and positive polarity. The June 30th NETL 
samples and the Optima ammonia were stored in a cold room at 5°C. 
 
2.4.1 Electrospray Ionization 
Electrospray Ionization (ESI), which is a soft ionization technique, is used to 
transfer ions present in solution to the gas phase.  Ionization is the process of generating a 
gas phase ion from liquid chemical species.  The method is referred to as “soft” because 
the molecule being ionized does not fall apart or break-up during the process. 
Two proposed mechanisms for the formation of gas phase ions currently exist.  
One mechanism is dependent on the formation of extremely small droplets that each 
contain only a single ion.5 The other mechanism is dependent on the radii of the droplets.  
After the radii decrease in size, direct ion emission from the droplet becomes possible. 
21 
 
 
 
 
 
 
 
 
 
 
Figure 6:  Electrospray ionization process.5 
 
Electrospray ionization is ultimately a three-step process that begins with the 
production of charged droplets of liquid at a capillary tip.  This step is followed by the 
shrinkage of the charged droplets by solvent evaporation and repeated droplet 
disintegration.  The process ultimately results in the production of highly charged gas-
phase ions.5 
 
2.4.2 Time-of-Flight Mass Spectrometry 
 Ionization is a critical event in mass spectrometry as only ions can be accurately 
measured. Time-of-flight mass spectrometry uses differences in transit time through a 
drift region to separate ions based on mass and charge.  The principle is based on kinetic 
energy and motion where an electric field is used to accelerate all ions into a field-free 
drift region with kinetic energy being equal to the charge of the ion multiplied by the 
applied voltage (KE=qV). 
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 In the Agilent LC/MSD TOF, ions first travel through the capillary into the 
skimmer which separates charged ions from the uncharged ions.  The charged ions are 
then guided by the octopole ion guides, which lead to the beam shaper.  Once through the 
beam shaper, the ions hit the pulsar, which then ejects the ions into the flight tube.  In the 
flight tube ions are directed by the reflectron onto a detector.  The detector is made up of 
four components:  
1.  The microchannel plate, which reduces the ions to electrons; 
2. The scintillator, which reduces electrons to photons; 
3.  The convex-convex lens; and 
4. The photomultiplier tube. 
TOF/MS offers several advantages of the traditional inductively coupled plasma mass 
spectrometer (ICP/MS).  For one, ICP/MS only offers elemental identification, whereas 
TOF/MS offers both elemental and species identification.6 ICP/MS thermally 
decomposes all molecular forms, whereas TOF/MS provides direct measurements of 
species without separation.6  ICP/MS also has unit mass resolution and a limited mass 
range due to the use of a quadropole, whereas TOF/MS has an unlimited mass range and 
uses high resolution to separate isotopic forms. 6 
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Figure 7:  Mass spectra of NETL Sample 1589 with m/z ratios ranging from 100 – 1600 
amu. 
 
CHAPTER 3 
QUALITATIVE ANALYSIS 
 
3.1 General Spectra Trends 
The positive mode spectra showed a variation of species and species shifts.  For 
the negative mode spectra, a plateau of speciation occurs with sample 1544, therefore 
focus was placed on positive mode spectra for species identification.  
A significant decrease in intensity, as well as the number of prominent peaks in 
the spectra, was noted between samples 1541 and 1544.  The appearance of new peaks at 
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sample 1544 indicates the transition from initial condition to the production of carbonate 
and bicarbonate species. 
The positive mode spectra of the undiluted NETL samples taken at the absorber 
outlet and regenerator outlet were overlaid with one another for comparison using the 
AnalystQS software package. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: NETL Sample Analysis Output of NETL Sample Analysis Output obtained 
using Analyst QS software package. 
 
 A series of 21 m/z ratios that appeared as prominent peaks in the analyzed 
samples were chosen to compare shifts in the intensity of the peaks between the selected 
samples.  The various samples represented the ammonium scrubber solution at various 
times and at various sampling ports (regenerator outlet, top of the absorber, middle of the 
absorber, bottom of the absorber, and absorber outlet) throughout the pilot plant and 
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during a so called operation run. The shifts in intensities of a given prominent ion 
represented by the m/z peak was compared over the time span of the run with the 
objective to predict if the given peak was a carbonate species, bicarbonate species, or 
indeterminate species based on the peak’s shifts in intensity over the time of the run.   
A peak intensity comparison of significant interest was between the intensity of a 
prominent peak, in a sample of the ammonia scrubber solution, at the point of the 
regenerator outlet (absorber inlet) and the intensity of the same peak at the point of the 
absorber outlet (regenerator inlet).  For suspected carbonate species, it is expected that, 
the intensity should ideally increase at the regenerator outlet, and decrease at the absorber 
outlet; likewise, for suspected bicarbonate species the intensity should ideally increase at 
the absorber outlet and decrease at the regenerator outlet.  
The mean intensity of a given m/z ratio in each sample, which was eventually 
graphed using Excel, was derived from two independent ESI-TOF/MS runs.  A 95% 
confidence interval was then calculated, and the appropriate error bar was applied to the 
intensity value of the m/z ratio for each sample. To calculate the 95% confidence interval 
the sample number used for n was15.  Two replicate ESI-TOF/MS runs of the same 
samples were completed for each sample. Each sample had over 10,000 individual scans 
per run completed for each individual sample due to the instrument’s accuracy and ability 
to perform 10,000 scans/per second.  The n-value of 15 was selected, because at this 
value the student t-table approaches infinity, and the assigned t-value of 1.96 for a 95% 
confidence interval remains static.   
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  Figure 9:  Student’s t-distribution two-sided test.10 
 
 
The differences in intensity for a selected m/z ratio were then compared between 
the regenerator outlet and absorber outlet.  In samples where the confidence interval error 
ranges did not overlap the differences in intensity are determined to be statistically 
significant.  It is a logical conclusion that a given m/z ratio is likely a bicarbonate species 
if the intensity is greater at the absorber outlet than at the regenerator outlet throughout 
the time-span of the process run.  The m/z ratio was determined to be inconclusive if the 
pattern of increase or decrease from the regenerator outlet to the absorber outlet was 
indeterminate due to the overlapping of error bars (at the confidence interval chosen), or 
no pattern existed (Appendix A). The same criteria were applied for the classification of 
carbonate species except that the intensity was greater at the regenerator outlet than at the 
absorber outlet throughout the time-span of the process run. 
m/z ratio of 
Prominent Peak in 
Spectra 
Suspected 
Carbonate Species 
Suspected 
Bicarbonate Species 
Inconclusive Result 
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622.0257  X  
119.0811  X  
98.9792  X  
1521.958   X 
922.0063  X  
1222.005  X  
135.0739   X 
128.0558   X 
128.9504   X 
191.1465   X 
175.1152   X 
312.3198   X 
446.8438   X 
284.2962   X 
115.00471   X 
105.0667   X 
115.0593   X 
117.0678   X 
123.0832   X 
133.1005   X 
Table 2:  Evaluation of the suspected species identification of all prominent peaks (m/z 
ratios) found in the analyzed spectra. 
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 Figure 10.1:  Graph of intensity shifts throughout samples for m/z = 
622.0257  
Due to the pattern of a decrease in intensity at the regenerator outlet 
compared to the intensity of the m/z ratio at the absorber outlet it was 
concluded that this m/z ratio represented and ion that was most probably a 
bicarbonate species. 
 
In many of the m/z ratios selected for analysis an inconsistency in the carbonate 
concentration of the solution was observed as it travels through the absorber.  The 
carbonate concentration appeared to decrease in the sample taken from the middle of the 
absorber, but increase in the sample taken from the bottom of the absorber.  The solution 
should have shown a steady decrease in the carbonate species (increase in bicarbonate 
species) as it travels from the top of the inlet of the absorber to the absorber outlet. 
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Figure 10.2:  m/z = 1222.005 significantly illustrates the inconsistent shifts in intensity of 
the m/z ratio as the solution travels from the top of the absorber, through the middle of 
the absorber, and finally through the bottom of the absorber. 
 
A series of four peaks differing by a mass unit of approximately 300 amu were 
found at m/z = 1222.0047, 922.0063, 622.0257, and 1521.9581.  The molecule appears to 
exist in its greatest quantity at m/z = 922.0063.  The four peaks likely share the same base 
molecule because there is a loss of a neutral complex weighing exactly 300 mass units 
between its existences at each m/z.  The identity of this neutral compound has not yet 
been determined. However, it is suspected to be an ammonia species due to its high 
concentration in the ammonia standard and absence in the sodium carbonate standard that 
were also evaluated to assist in identification of fundamental reaction species. 
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Figure 11:  Comparison of the peak intensities found at m/z = 622.0257, 922.0063, and 
122.0047, and 1521.9581 in the standards and NETL samples. 
 
3.2 Sodium Carbonate Contamination 
 Glass is very much present in the NETL reactor system in both the absorber and 
the regenerator, and the basicity of the ammonia solution causes sodium to be dissolved 
and leached into solution. Thus sodium carbonate appeared to create a competing 
equilibrium with ammonium for the carbonate and bicarbonate species.   
 In the ammonium sodium carbonate standard a loss of a neutral complex with a 
mass equivalent to approximately 105.96 amu was identified between a peak series.  
Examples of theses data trends are illustrated in figures 2.7 and 2.8; first for the standard 
and then in the NETL sample, respectively. The neutral mass was identified as sodium 
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carbonate, and was also identified in the sample spectra indicating that sodium carbonate 
may compete with the ammonium for the carbonate and bicarbonate species. 
 
Figure 12.1:  Loss of the sodium carbonate neutral ion complex in the ammonium 
sodium carbonate standard spectrum. 
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Figure 12.2:  Loss of the sodium carbonate neutral ion complex, and evidence of 
sodium carbonate contamination, in a sample spectra. 
 
3.3 Detection of Trace Metals in NETL Samples 
Unexpectedly high metal ion signals identified in the ESI-TOF/MS analysis 
prompted a study of the metal content of the NETL June 30, 2005 samples.  For this 
study a specialized mass spectrometer was employed; the inductively coupled plasma 
mass spectrometer (ICP/MS) 
The HPLC-ICP/MS was used to analyze the NETL samples for metal 
contaminants, which were introduced from the materials (primarily stainless steel and 
glass) the reactor was constructed from. Through ICP/MS the samples were decomposed 
to their elemental composition in high temperature argon plasma, and analyzed based on 
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their mass to charge ratio. The Argon plasma removes any remaining solvent and causes 
sample atomization followed by ionization. 
 
Figure 13.1:  The Agilent 4500 Benchtop ICP—MS 
 
  
Figure 13.2: Schematic of the 4500 Series ICP-MS as taken from “A Tutorial of the 
Technique of ICP-MS” (http://www.argon.acad.bg/astute/AASbooklet/ ICP-MS/HP'ICP-
MS'introduction.pdf) 
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ICP/MS works on a principle of ionizing a sample in a plasma field, passing the 
resulting elemental and molecular ions through a series of isolation devices, and 
recording a given number of specified ion strikes through use of an amplifying detector.   
Agilent’s 4500 Series ICP-MS utilizes several characteristic components to more 
effectively detect samples down to the parts per trillion level.   
A brief summary of the function of ICP-MS is offered here for completeness: A 
liquid sample is introduced into the Spray Chamber, where the small particulates are 
nebulized with the Argon carrier gas into the inductively coupled plasma.  ICP is ignited 
through the use of a 27 MHz radio field generator under high electrical load, and then 
focused via 3-axis computer control for optimum sample delivery. As these small sample 
particulates pass into 10,000K argon plasma, ionization of these molecules takes place, 
breaking them into individual atomic components and then into ions. Isolation of ions 
occurs with the deflection of ICP against the to the mass spectrometer in the sample cone 
and the skimmer cone in the interface region.  Further focusing of the sample ions occurs 
under vacuum in an off-axis ion lens system, letting non-essential and potentially 
damaging photons and neutrons generated by the plasma to strike a stationary, non-
critical metal plate. Only the positively charged ions are allowed to enter the quadruple, 
achieved through deflection through the Agilent Omega Lens region.   Individual 
isotopes are then allowed to pass through the Quadruple, a pair of each positively and 
negatively charged rods, which based on the charge to mass ratio, filter the ions allowing 
only the desired isotopes to reach the photomultiplier detector for real-time analysis via 
software.  
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Because the ICP-MS works on the principles of ion detection, it clearly has 
limitations on some of the elements that it can analyze correctly.   Naturally occurring 
atmospheric trace elements and similar elements required and involved in combustion 
could not effectively be analyzed via ICP-MS, as these elements are required for the 
proper use of the plasma torch responsible for sample ion production.  Thus, in the case 
of analysis of certain components of similar compounds, it may be necessary  to utilize 
other methods in conjunction with ICP-MS. 
HPLC-ICP/MS was run to decompose polyatomic ions into their elemental 
components. The samples selected for analysis were:  1541-NH3-87, 1543-NH3-87, 1546-
NH3-87, 1585-NH3-87, and 1588-NH3-87.  The selected samples were the diluted 
versions of the undiluted NETL samples selected for TOF-MS analysis.  The undiluted 
NETL samples could not be used for analysis, as there was not enough solution left in 
each one. 
 A semi-quantitative full elemental scan was performed; the following metals 
were found at ppm levels:  Silicon, Sodium, Copper, Zinc, Boron, Calcium, Potassium, 
Nickel, Lead, Magnesium, and Iron.  The mass spectra peaks were recalculated to take 
into account the potential presence of these metals in the polyatomic ion complexes.  
However, the presence the metal contaminants increases the possibility of the chemical 
species within each sample, and decreases the certainty at which the peaks can be 
identified.  The possibility of more than one metal in a species convolutes the isotopic 
peak signatures of any one particular metal, further complicating peak identification 
certainty.   
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 The experiment was initially expected to be more quantitative; however, NaHCO3 
precipitated out and collected in the sampling line leading to the nebulizer.  The deposit 
of the precipitate in the line caused the samples to increase in metal concentration from 
run to run.   
 
3.3 Mass Spectra Peak Identification 
Agilent technologies proposes differences in mass may range from 3 to 10 ppm 
depending on the concentration of any particular species that have the same or similar 
m/z. Part per million error is calculated from the mass error (actual mass subtracted from 
the theoretical mass), divided by the actual mass and multiplied by 106. The autotune is 
tuned within 3 ppm because all species present in the tuning solution have specific known 
m/z values.  Due to the simultaneous measurement of m/z and the number of possible 
species that have similar or same m/z values, the peaks could not be identified with a 
high degree of certainty.    
The actual mass of each chemical species was calculated from the monoisotopic 
mass of each of its elemental components.  The monoisotopic mass was used rather than 
the average mass because, for a given species, the monoisotopic mass is the mass of the 
isotopic peak whose elemental composition is composed of the most abundant isotopes of 
those elements.  The monoisotopic mass is calculated from the atomic masses of the 
isotopes.  The average mass is calculated from the weighted average of the isotopic mass 
divided by the isotopic abundances.  The average mass is calculated by using the atomic 
weights of the elements. 
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The published standard error for peak identification certainty analytical chemistry 
textbooks consider an identified peak to be within four significant figures of the 
calculated m/z. 8 For example, in Chunyan Hao’s article the peak at m/z = 128.9504 is 
identified as Na2CO3Na+; however, the ppm error calculation is equal to 28.6923 ppm.9  
The ppm error calculation is, thus, outside Agilent’s proposed range of 3 to 10 ppm, even 
though the actual mass (128.9541) and the theoretical mass (128.9504) are within five 
significant figures of one another. 
Sample calculation of part per million (ppm) error: 
 ppm error = (actual mass – theoretical mass/ actual mass) * 106 
 Species: (Na2CO2)Na+ 
 Actual mass (Calculated m/z) = 128.9541 
 Theoretical Mass (Peak in Spectra) = 128.9504 
 ppm error = (128.9541 – 128.9504/ 128.9541) * 106  
 ppm error = 28.6923 
  
 Peak identification was severely compromised by the extent of themetal 
contaminants present within the solution.  The signature fragmentation patterns of the 
metal species were not observed in the spectra due to the overlapping patterns of the 
other chemical species, or the isotopic signatures were altered by other ions contained 
within the given complex. These metal contaminants present competing equilibria for the 
carbonate species, evident by the sodium carbonate complexes that have been identified 
up to at least four significant figures.   
 Possible m/z ratios were calculated for aqueous species with and without a metal 
contaminant present (Appendix B).  Calculated m/z’s were confirmed as positive matches 
with peaks in the spectra if the calculated m/z of the peak in the spectra matched to four 
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or more significant figures, and if the projected specie’s spectra calculated by IsoPro 
could be aligned with that of the NETL sample spectra.  IsoPro is an isotopic distribution 
simulator created to look at the spectra of large molecules.  IsoPro generates the spectra 
of a given molecule using the Yergey algorithm. 
 Both identifiable and unidentifiable peaks were obtained, and while there are 
many molecular ion matches many of the prominent peaks in the NETL sample spectra 
could not be defined. These peaks are most likely compounds containing multiple metal 
species. Projected equilibria compounds containing only one metal still bear the 
characteristic fragmentation pattern of the given metal, which were not observed in the 
sample spectra.  The m/z calculations for multiple metal species were not performed due 
to the high number of permutations that exist. 
 
Molecular Ions Peak Found 
in Sample 
Spectra m/z 
Calculated 
Monatomic 
mass m/z 
Comparison 
of # of Sig. 
Figs. in 
Spectra vs. 
Calculated 
m/z 
Molecular 
Ion 
Confirmed 
by IsoPro 
Model 
(Na2CO3)Na+ 128.9504 128.9541 4 Y 
(Na2CO3)4Na+ 446.8374 446.8470 4 Y 
(Na2CO3)5Na+ 552.8035 552.8113 4 Y 
(Na2CO3)7Na+ 764.7318 764.7399 4 Y 
(Na2CO3)8Na+ 976.6838 976.6685 4 Y 
(Na2CO3)10Na+ 1082.6389 1082.6328 4 Y 
(Na2CO3)11Na+ 1188.5971 1188.6015 4 Y 
(Na2CO3)12Na+ 1294.5676 1294.5614 4 Y 
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(NH4)2CO3NH4+ 114.0922 114.1000 4 Y 
(Na2CO3)13Na+ 1400.5290 1400.5257 4 Y 
NH4HCO3OHNaNH4+ 133.0873 133.0865 4 Y 
[(NH4)2CO3]4SiHCO3+ 473.1871 473.1826 4 Y 
(NH4HCO3)19Si2+ 764.7400 764.7440 4 Y 
[NH4HCO3]27Si2+ 1080.6548 1080.8516 4 Y 
[Na2CO3]11CaOH+ 1222.9645 1222.5726 4 Y 
[NH4HCO3]3Ni2+ 107.9705 107.9945 4 Y 
[NH4HCO3]17CaOH+ 1400.5286 1400.4226 4 Y 
Table 4: Positively identified molecular ions in ESI-TOF mass spectra within four 
significant figures of the calculated monoatomic mass and confirmed by IsoPro. 
 
 
 
CHAPTER 4 
SUMMARY AND CONCLUSIONS 
 
 The goal of this study was to evaluate and if possible provide data to assist in the 
validation for a mathematical model that could be used to predict equilibrium species at 
various points in the aqua ammonia scrubber process, and to explore the actual structure 
of the species occurring in the carbon dioxide-ammonia-water system. The NETL process 
was investigated through analyzing the process solution using electrospray ionization 
coupled with time-of-flight mass spectrometry (ESI/TOF-MS).   
The use of ESI/TOF-MS provided the most accurate method to identify the actual 
equilibrium species at various times throughout the process due to the instrument’s ability 
to provide the direct measurement of the species without separation, and unlimited mass 
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range.  The use of ICP-MS was valuable in determining the elemental ions that were 
metal contaminants present in the solution.  These highly charged species provided a 
great number of confounding species that are actually present along with the primary 
species understudy.   
The presence of trace metal ions as well as the growing concentration of sodium 
carbonate hindered other species identification fundamental to the process under study.  
Sodium carbonate appeared to create a competing equilibrium with ammonium for the 
carbonate and bicarbonate species.  Glass is very much present in the construction of the 
NETL reactor system in both the absorber and the regenerator, and the basicity of the 
ammonia solution causes sodium carbonate to be leached into solution.  The trace metal 
compounds, introduced by the stainless steel in the reactor system, also inhibited species 
identification by forming complexes with the equilibrium species. 
Overall, the study provided a beneficial evaluation of the use of ESI/TOF-MS as 
an analytical technique for identifying equilibrium species.  The study also provided both 
Duquesne University and NETL with insight into the species actually present in the 
equilibrium process of the carbon dioxide-ammonia-water system. 
Some significant trends in intensity and many identified major species were 
identified using data analysis and statistical methods.  This application was a relatively 
new approach to evaluating equilibria with a measurement method that has the capability 
of ionizing the species in solution and showing the extreme complexity of a solution with 
all these species present and active.  Activity of interaction of ions in such complex and 
concentrated solution is likely to be a significant factor and should be taken into 
consideration in the modeling of this process.  Metal ion contamination may play an 
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important part in masking the some key features that could not be determined in this 
study.  Seventeen ionic carbonate, ammonia and combinations of these key species were 
identified with significant figures of four or greater.  These identified ions and their 
relative concentration trends provide relevant information for the model(s) of the system 
relating to the carbon dioxide-ammonia-water system under study.   
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APPENDIX A 
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APPENDIX B 
   
Comparison of 
#  Confirmed 
 
Peak found 
in  Calculated  of Sig. Figs. in  Molecular Ion 
 
Sample 
Spectra Monatimic  
Spectra vs. 
Calc.  Confirmed by  
Molecular Ions m/z m/z m/z IsoPro Model 
     
(Na2CO3)Na+ 128.9504 128.9541 4 Y 
(Na2CO3)4Na+ 446.8374 446.8470 4 Y 
(Na2CO3)5Na+ 552.8035 552.8113 4 Y 
(Na2CO3)7Na+ 764.7318 764.7399 4 Y 
(Na2CO3)8Na+ 976.6838 976.6685 4 Y 
(Na2CO3)10Na+ 1082.6389 1082.6328 4 Y 
(Na2CO3)11Na+ 1188.5971 1188.6015 4 Y 
(Na2CO3)12Na+ 1294.5676 1294.5614 4 Y 
(NH4)2CO3NH4+ 114.0922 114.1000 4 Y 
(Na2CO3)13Na+ 1400.5290 1400.5257 4 Y 
NH4HCO3OHNaNH4+ 133.0873 133.0865 4 Y 
[(NH4)2CO3]4SiHCO3+ 473.1871 473.1826 4 Y 
(NH4HCO3)19Si2+ 764.7400 764.7440 4 Y 
[NH4HCO3]27Si2+ 1080.6548 1080.8516 4 Y 
[Na2CO3]11CaOH+ 1222.9645 1222.5726 4 Y 
[NH4HCO3]3Ni2+ 107.9705 107.9945 4 Y 
[NH4HCO3]17CaOH+ 1400.5286 1400.4226 4 N 
(Na2CO3)6Na+ 658.9222 658.7756 3 Y 
(NaHCO3)2Na+ 191.1465 190.9544 3 Y 
(NaHCO3)7(NH4)22+ 312.3198 311.9770 3 Y 
[NH4)2CO3]6Na22+ 312.3198 311.1500 3 Y 
(NH4HCO3)3Na22+ 141.5300 141.0454 3 Y 
(NH4 OH)2(H2O)2H+ 107.0555 107.1125 3 Y 
NH4HCO3OHNH4H+ 115.0593 115.0718 3 Y 
NH2CO2NH4H2ONa+ 119.0473 119.0811 3 Y 
[(NH4)2CO3]2Mg2+ 108.0775 108.0459 3 Y 
[Na2CO3]MgHCO3+ 191.1465 190.9418 3 Y 
[NH4HCO3]11Mg2+ 446.8438 446.6405 3 Y 
[Na2CO3]3Ca2+ 139.1182 138.5217 3 Y 
[NH4HCO3]CaHCO3+ 180.0841 179.9820 3 Y 
[(NH4)2CO3]2NiOH+ 266.8683 267.0448 3 Y 
[NH4HCO3]15Ni2+ 621.9972 621.6694 3 Y 
[NH4HCO3]24Ni2+ 976.6929 977.2904 3 Y 
[Na2CO3]26B3+ 922.0063 921.9606 3 Y 
[Na2CO3]Cr(OH)2+ 175.1152 174.9670 3 Y 
[Na2CO3]3Cr3+ 123.2976 123.0832 3 Y 
[Na2CO3]2FeOH2+ 142.1019 142.3881 3 Y 
[NH4HCO3]2FeOH2+ 115.0471 115.4507 3 Y 
H2OHCO3Cu+ 142.1019 141.9426 3 N 
[NH4HCO3]3Mg2+ 130.9584 130.5328 3 N 
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[NH4HCO3]18MgHCO3+ 1506.4701 1507.4617 3 N 
[(NH4)2CO3]14CaOH+ 1400.5286 1401.7129 3 N 
[(NH4)2CO3]25Ca2+ 1221.9648 1220.6488 3 N 
[NH4HCO3]32Ni2+ 1294.5784 1293.3981 3 N 
[Na2CO3]B(OH)2+ 256.2696 256.7450 3 N 
[(NH4)2CO3]3Cr3+ 113.1048 113.3867 3 N 
[NH4HCO3]Fe(OH)2+ 168.8773 169.0984 3 N 
[(NH4)2CO3]3Na+ 314.9073 311.1500 2 Y 
(NaHCO3)7Na22+ 314.9073 316.9278 2 Y 
(NaHCO3)7(NH4)22+ 314.9073 311.9766 2 Y 
(NH4HCO3)9Na22+ 380.3218 378.6104 2 Y 
(NH4HCO3)2NH4+ 175.1152 176.0881 2 Y 
(NH4HCO3)NH4+ 98.0823 97.0941 2 Y 
(NaHCO3)3(NH4)22+ 144.0120 145.9728 2 Y 
(NH4HCO3)2Na+ 180.0841 181.0434 2 Y 
(NH4OH)2H2ONH4+ 105.0432 106.1230 2 Y 
[(NH4)2CO3]H+ 98.0936 97.0612 2 Y 
NH2CO2NH4H2OH+` 98.0936 97.0612 2 Y 
(NH4)2CO3OHNH4H+ 133.0873 132.0983 2 Y 
NH4HCO3(NH4)2CO3H2OH+ 196.9457 195.1063 
2 Y 
NH4(HCO3)2NH4H2OH+ 175.1152 177.0720 2 Y 
NH4HCO3OHNaNH4+ 157.0973 155.0684 2 Y 
NH4HCO3CO3(NH4)2(H2O)2H+ 212.9232 213.1168 
2 Y 
(NH4HCO3)3SiOH+ 133.0873 132.5288 2 Y 
[Na2CO3]5B3+ 340.8787 341.5924 2 Y 
(Na2CO3)5(NH4)2+ 284.2962 282.9451 2 N 
(NaHCO3)Na+ 105.0432 106.9721 2 N 
NH4HCO3OHNH4Na+ 139.1182 137.0537 2 N 
(H2O)2Cu+ 98.0936 98.9606 2 N 
(H2O)8Cu2+ 105.0432 103.5118 2 N 
(H2O)10Cu2+ 119.0811 121.5223 2 N 
(NA2CO3)MgOH+ 145.9728 146.9520 2 N 
[(NH4)2CO3]2MgOH+ 234.9092 233.1599 2 N 
[(NH4)2CO3]3Mg2+ 157.0937 156.0726 2 N 
[NH4HCO3]19Mg2+ 763.7598 762.7481 2 N 
(Na2CO3)SiOH+ 149.9797 150.9439 2 N 
[(NH4)2CO3]SiOH+ 142.1019 141.0329 2 N 
[(NH4)2CO3]3Si2+ 157.0937 158.0684 2 N 
[(NH4)2CO3]6SiOH+ 622.0257 621.2994 2 N 
[(NH4)2CO3]9Si2+ 446.8438 446.2283 2 N 
[NH4HCO3]5Si2+ 212.9232 211.0692 2 N 
[NH4HCO3]23Si2+ 922.0063 922.7978 2 N 
(Na2CO3)CaOH+ 161.0897 162.9296 2 N 
[(NH4)2CO3]CaOH+ 152.0599 153.0187 2 N 
[(NH4)2CO3]4Ca2+ 212.9232 212.0881 2 N 
[Na2CO3]2CaHCO3+ 312.3198 312.8837 2 N 
[NH4HCO3]CaOH+ 135.0872 135.9922 2 N 
[(NH4)2CO3]9CaOH+ 922.0063 921.4459 2 N 
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[Na2CO3]6Ca2+ 256.2696 257.0620 2 N 
[Na2CO3]NiOH+ 180.0841 180.9023 2 N 
[Na2CO3]8NiOH+ 922.0063 922.6524 2 N 
[(NH4)2CO3]6ZnOH+ 657.7823 657.2522 2 N 
[(NH4)2CO3]2Zn2+ 128.9504 128.0180 2 N 
[NH4HCO3]3Zn2+ 149.9797 150.5049 2 N 
[(NH4)2CO3]Zn2+ 175.1152 176.0047 2 N 
[Na2CO3]B(OH)2+ 149.9797 150.7807 2 N 
[Na2CO3]2BOH2+ 119.8711 119.0811 2 N 
[(NH4)2CO3]6B(OH)2+ 622.0257 621.1368 2 N 
[(NH4)2CO3]3BOH2+ 157.0937 157.9860 2 N 
[NH4HCO3]B(OH)2+ 123.0832 123.8433 2 N 
[NH4HCO3]3BOH2+ 133.0873 132.4472 2 N 
[NH4HCO3]23BOH2+ 212.9232 211.4741 2 N 
[NH4HCO3]23BOH2+ 922.0063 922.7162 2 N 
[(NH4)2CO3]6B3+ 196.9457 195.7105 2 N 
[NH4HCO3]2CrOH2+ 113.1048 113.5283 2 N 
[NH4HCO3]5Cr3+ 149.0448 149.9797 2 N 
[(NH4)2CO3]4Cr3+ 145.9728 145.4045 2 N 
[(NH4)2CO3]3FeOH2+ 180.5039 180.0841 2 N 
[NH4HCO3]30FeOH2+ 312.3198 313.0180 2 N 
[NH4HCO3]3Fe3+ 98.0823 97.6419 2 N 
 
 
 
 
 
CHAPTER 1 
INTRODUCTION 
 
1.1 Research Problem 
The international interest and awareness of the toxicity of organotin compounds and 
their presence in the environment has grown substantially in the last decade. The reason 
for the increased awareness of the environmental aspects of organotin is probably due to 
the fact that the worldwide production of organotin chemicals has increased significantly 
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over the last 48 years, from under 5,000 tons in 1955 to more than 50,000 tons per year at 
the present time.1 
 Organotin is mainly used in its forms RnSnX(4-n) (R = alkyl or aryl group, X = 
anionic group). The primary applications of organotin compounds include antifouling 
paint, wood preservation, textile disinfectants, stabilizers in PVC resin, and other biocidal 
treatments.  As a result of the broad spectrum of usages of organotin compounds, 
multiple pathways are available for these compounds to enter the environment.  Table 1 
lists the primary modes of entry of organotin species into the environment. 
Medium Species Source 
R3SnX Agricultural spraying, volatilization from 
biocidal treatments, anti-fouling paint sprays 
R3SnX, R2SnX2, and 
RSnX3 
Incineration of organotin treated or stabilized 
waste materials 
Air 
R2SnX2, and RSnX3 Glass coating operations – spraying of 
organotins onto glass at high temperatures to 
give SnO2 films 
R3SnX Agricultural applications, wood preservation Soil 
R3SnX, R2SnX2, and 
RSnX3 
Burial of organotin- containing waste 
materials 
R3SnX Antifouling coatings, Molluscicides, 
Overspray from agricultural applications, 
Land run-off from agricultural usage, 
industrial processes, e.g. slimicides in paper 
manufacturing 
Water 
R2SnX2, and RSnX3 Leaching from organotin-stabilized PVC 
Table 1: Sources and possible pathways for the introduction of organotins to the 
environment.1 
  
Organotin compounds can be divided into the following five categories, based 
upon toxic effects: 
1. Low molecular trialkyl compounds (i.e. trimethytin and triethyltin) 
2. Butyltin compounds (i.e. tributyltin, dibutyltin, and monobutyltin) 
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3. Triphenyltin compounds (i.e. triphenyltin acetate, triphenyltin 
chloride, etc.) 
4. Phenyl-alkyltin compounds (i.e. fenbutatin oxide) 
5. Cycloalkyltin compounds (i.e. tricyclohexyltin and azocyclotin) 
All of the organotin compounds listed above are toxic; however, the degree of toxicity 
differs, and is determined by the organic moiety present.  
 
1.2 The Environmental Effects of Tributyltin 
 Tributyltin (TBT) is a specific organotin that has drawn considerable attention 
concerning its presence in the aquatic environment.  TBT is primarily used as an 
antifouling paint additive on the hulls of ships and boats, docks, fishnets, and buoys.  It 
prevents the growth of barnacles, bacteria, tubeworms, algae, and mussels. Antifouling 
usage of tributyltin became extensive in the late 1960s, and by the mid-1970s, its eco-
toxic effects were apparent in some organisms. The present use of TBT in antifouling 
paints may cause exposure to non-target aquatic organisms, such as mussels, clams, and 
oysters.  In many aquatic environments located throughout the world, TBT concentrations 
are high enough to cause acute and chronic toxicity to aquatic and benthic organisms. 
TBT is extremely toxic to crustaceans. Lobster larvae show a nearly complete 
decrease in growth at just 1.0 ppb TBT.2  Mollusks, used as indicators of TBT pollution 
because of their high sensitivity to these chemicals, react adversely to very low levels of 
TBT (0.06-2.3 ppb). They release TBT very slowly from their bodies after it has been 
absorbed.  At low levels, TBT can cause structural changes and a decrease in growth.  A 
small, female marine snail, the dogwhelk Nucella lapillus, is extremely sensitive to TBT.  
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Concentrations as dilute as 0.5 ng/L appear to act as an endocrine disruptor by 
influencing a condition known as “imposex”, and subsequently prevent the species from 
reproducing.2   The shell formation of the oyster species Crassostrea virginica, 
commonly known as the Eastern Oyster or Virginia Oyster, is disrupted when exposed to 
concentrations of TBT in the low 1-50 µM range. 3 
 
Figure 1:  The adverse effects of tributyltin on shell formation in the oyster Crassostrea 
virginica .6 
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Figure 2:  Imposex caused by tributyltin (TBT) accumulation in rock shell.7   
 
Tributyltin is slightly to moderately toxic to terrestrial mammals.  It may interfere 
with breathing and cause headache, weakness, lack of coordination, and tremors.  Table 2 
lists acute toxicity values for humans and a variety of animals. 
 
Mammal Acute Toxicity Value 
Human Inhalation LC50 = 10 ppm/3 minutes or 20 
ppm/5 minutes 
Rat Oral LD50 = 1,500 mg/kg 
Rabbit Oral LD50 = 2,000 mg/kg 
Mice Oral LD50 = 900 mg/kg 
Table 2.  The acute toxicity value of tributyltin for a variety of mammals.2 
 
 Organotin lipophilicity plays a role in the bioaccumulation and environmental 
persistence of a given compound. The biocidal properties are influenced strongly by the 
R(1-3)Sn+ cation.2  TBT exists as a cation complexed to chloride, carbonate, and 
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hydroxide.  It is quite lipophilic with a log Kow  of 3.7, and has been found to 
bioaccumulate.  
Tributyltin degrades into dibutyltin (DBT), monobutyltin (MBT), and eventually 
the tin ion. Butyltin compounds show a pattern of decreasing in toxicity as they degrade, 
and butyl groups are lost.  The degradation process of TBT occurs quickly in an aqueous 
environment, but much more slowly in sediment. Transfers of organotins from sediment 
to water have been estimated at between 50 and 790 nmol m-2 y-1 ; water to air fluxes 
have been calculated at between 20 and 510 nmol m-2 y-1.1 Table 3 shows the 
approximate half-lives of TBT in both sediments and various aquatic media. 
 
 
 
Medium Half-life 
Freshwater 6-26 days (with light); 4 months (in dark) 
Estuarine Water 1-2 weeks 
Seawater 6-127 days 
Water/Sediment Mixture 5 months – 5 years 
Estuarine Sediment 3.8 years 
Marine Sediment 1.85 – 8.7 years 
Soil 140 day (TPhT) 
Table 3.  Estimated half-lives of TBT in sediments and various aquatic media.1 
 
 
 
Figure 3:  Chemical structures of tributyltin, dibutyltin, and monobutyltin where X is an 
anionic group. 
 
60 
                                                                                                                                            
1.2 Proposed Experimental Methods for the Analysis of Butyltin Species 
Butyltin compounds can be derived from the aforementioned environmental media 
by using microwave-assisted extraction, and analyzed using GC-MS, GC-ICPMS, or 
HPLC-ICPMS.  The method for determining the concentration of butyltin compounds in 
environmental samples can be simplified into four steps: 
1. Extraction (microwave-assisted) 
2. Derivitization (for use in gas chromatography only) 
3. Separation (chromatography) 
4. Detection (mass spectrometry) 
Microwave-assisted closed vessel extraction consists of heating the extractant 
(mostly liquid organic solvents) in contact with the sample with microwave energy. The 
partitioning of the analytes of interest from the sample matrix to the extractant depends 
on the temperature and nature of the extractant.1 Both open and closed vessel microwave 
systems may be used in the extraction of butyltin compounds; however, closed vessel 
systems have many advantages over atmospheric pressure decompositions. A closed 
vessel extraction occurs under controlled temperature and pressure, while an open vessel 
extraction occurs under atmospheric pressure. Closed vessel extractions and 
decompositions are enhanced for many reactions above atmospheric pressure, and 
volatile compounds that would otherwise be lost are retained. 
The success of a microwave-assisted organotin compound extraction is primarily 
dependent upon temperature, since levels of temperature enhance the extraction in most 
cases.8 A high temperature increases diffusion of the solvent into the interstices of the 
matrix, and enhances desorption of the components from the active sites of the matrix.1 
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Pressure also plays an important role in a closed vessel extraction; however, the speed of 
the extraction is directly dependent upon temperature, and based on the temperature 
enhancement in the Arrhenius equation.  Reaching too high of temperature may degrade 
some targeted species, so optimum temperature also highly depends upon the matrix to be 
extracted. 
The extraction of TBT has been previously performed in both open and closed 
systems; however, open vessel extractions are usually preferred when organometallic 
compounds are to be extracted.  This extraction method is preferred because precise 
control of the energy delivered to the sample prevents destruction of the carbon-metal 
bonds.  
In an open-vessel extraction described by Mathilde Monperrus, 0.25 g of 
sediment sample was weighed into each vessel.4  Next, 5 mL of acetic acid was added 
and an air-cooled condenser was placed on top of each vessel to minimize the loss of any 
volatile species. The mixture was gently stirred, placed in the microwave cavity, and 
extracted for 2 minutes at 20% power (40 Watts).  Following extraction the samples were 
allowed to cool to room temperature, and the extract was quantitatively transferred to a 
glass tube with a Teflon cap, 2.5 mL (x 2) of Milli-Q to rinse each extraction vessel and 
then added to the glass tube.  The extract was centrifuged for 5 minutes at 2500 rpm.  The 
supernatant was transferred to a clean tube and submitted to ethylation.  The experiment 
was repeated with the same parameters, but used mussel tissue rather than to sediment. 
In a closed-vessel extraction, described by Kazumi Inagaki5 0.50 g of sediment 
sample was weighed into each vessel.  Ten mL of dilute acetic acid and 1 mL of acetic 
acid were added to the vessels and sonicated for 1 minute.  Next 2 g of NaCl and 10 mL 
62 
                                                                                                                                            
of toluene containing 0.1% tropolene were added and were then irradiated. The 
irradiation process began with a 10-minute temperature ramp to 120°C and held at that 
temperature for 10 minutes.  Following the microwave extraction, the upper toluene 
levels were transferred to PFA centrifuge tubes, and 25 mL of ammonium acetate buffer 
(0.5 M, pH 5) and 0.2 mL of 5% NaBEt4 solution were added.  The tubes were 
mechanically shaken for 10 minutes for ethylation and extraction to occur, and 
centrifugation was performed to achieve phase separation.  The toluene layers were 
mixed with 2 g of anhydrous sodium sulfate to remove the water.   
Due to the high temperatures reached, the use of a microwave-assisted extraction 
procedure may induce the transformation of TBT into less toxic DBT or MBT. A portion 
of the tributyltin may degrade to dibutyltin between the time of sampling and analysis, or 
when subjected to heat.  Dibutyltin has also been documented to degrade into MBT when 
exposed to high temperatures; therefore, it may become necessary to apply speciated 
isotope dilution mass spectrometry (SIDMS). 
The extracted solution can be analyzed on a variety of mass spectrometers 
coupled with gas or liquid chromatography. Inductively coupled plasma mass 
spectrometry (ICP-MS) affords the lowest detection limit, as it possesses the necessary 
selectivity and sensitivity to perform trace elemental analysis.  Literature has cited 
GC/ICP-MS and HPLC/ICP-MS as being the most sensitive instruments for the analysis 
of trace amounts of organotin species; GC-MS may be suitable for analysis as well, but 
does not afford the same level of detection. 
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CHAPTER 2 
 
EXPLORATORY RESEARCH 
 
 
2.1 Reagents and materials 
Tributyltin chloride (TBTCl), dibutyltin dichloride (DBTCl2), and monobutyltin 
trichloride (MBTCl3) were obtained from Sigma-Aldrich. Standard 100 ppb solutions of 
each organotin compound were prepared in methanol, toluene, and hexane in an attempt 
to find an optimum solvent for GC-MS analysis.  Cocktail solutions containing 100 ppb 
of MBT, DBT, and TBT were also prepared in methanol, toluene, and hexane. 
 
2.2 Derivatization of Organotin Compounds 
Derivatization is the process of chemically modifying a compound to produce a 
new compound which has properties that are suitable for analysis with gas 
chromatography.  Derivitization of the organotin compounds leads to volatile species that 
are suitable for analysis with GC-MS, and allows for the stabilization of the species while 
on the GC column.   
 Sodium tetraethylborate is recommended and primarily used for the derivatization 
of organotin compound; however, it is a highly expensive compound to obtain.  The 
ethylation of organotin compounds involves the substitution of chlorine with an ethyl 
group. Hypothetically, any sodium tetraorganoborate compound has the ability to 
derivatize butyltin compounds, with the exception of sodium tetrabutyltin due to the two 
compounds sharing a common organic component. 
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 Sodium tetraphenylborate was chosen as the derivatizing reagent because it is 
relatively inexpensive compared to sodium tetraethylborate, and was in stock in the 
laboratory.  The phenylation of tributyltin compounds should result in the replacement of 
chlorine with a phenyl group, thus enabling the compound to be analyzed using GC-MS.   
 The general procedure for the derivatization of the tributyltin compounds 
involved the phenylation of the compounds with sodium tetraphenylborate in an acetate 
buffer with a pH range of 5 to 6, and the extraction of the phenylated butyltin compounds 
with an organic solvent.  Derivatization of the tin standards with sodium 
tetraphenylborate was performed multiple times using various acetate buffers and organic 
solvents to achieve optimum yields of phenylated butyltin compounds for GC-MS 
analysis. 
 
2.3 Analysis of Organotin Compounds 
 A series of 100 ppb, 90 ppb, 80 ppb, 70 ppb, and 60 ppb serial dilutions of the tin 
standards, which included tributyltin chloride (TBTCl), dibutyltin dichloride (DBTCl2), 
and monobutyltin trichloride (MBTCl3), were prepared for analysis in a variety of 
solvents that included methanol, toluene, and hexane.  Equal part mixtures of 100 ppb 
solutions of tributyltin chloride with dibutyltin dichloride, tributyltin chloride with 
monobutyltin trichloride, and monobutyltin trichlroide with dibutyltin dichloride were 
prepared and analyzed.  The standards and mixtures were then analyzed using  the 
Agilent 6890N GC-MS with auto-sampling capability.  The GC/MS parameters included: 
• Splitless injection 
• Injection volume of 1 µL 
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• Injection temperature of 250 ˚C 
• HP-5 (30 m x 0.32 mm x 0.25 µm) column 
• Carrier gas was He with an inlet pressure of 100 kPa 
• Initial temperature of 50 ˚C (for 0.5 min) to 250 ˚C (for a minimum of 2 minutes, 
this parameter was varied and reached a maximum of 15 minutes) at 30 ˚C. 
 
2.3.1 Gas Chromatography - Mass Spectroscopy 
Gas Chromatography - Mass Spectroscopy is a hyphenated analytical technique 
that combines the use of gas chromatography and mass spectroscopy into a single 
analytical technique that can be used for both quantitative and qualitative analysis of a 
chemical mixture.  
 Gas chromatography separates a chemical mixture into individual components, 
and mass spectroscopy characterizes each component individually.  The separation 
occurs when the sample mixture is introduced into a mobile phase, which is an inert gas, 
such as helium, in the case of GC-MS.  The mobile phase then carries the mixture to the 
stationary phase, which usually is a chemical that selectively attracts components of the 
mixture, and is contained in a column. Each compound in the mixture interacts at a 
different rate. Those compounds that interact the fastest will elute from the column first, and 
those that interact slowest will be last to elute from the column.  Different capillary 
columns are selected based on the chemical characteristics and polarity of a given sample 
mixture. 
The capillary column is held in an oven designed to ramp temperature gradually 
to help separation.  As the temperature increases the compounds will elute from the 
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column sooner than those with higher boiling points.  As the compounds are separated 
they elute from the column and enter a detector.  The detector creates an electronic signal 
whenever a compound’s presence is detected, and the signal increases with an increase in 
concentration of a particular compound.  The time from when the injection was made to 
the elution time is referred to as the retention time (RT). 
While the instrument runs, the computer generates a graph from the signal.  The 
graph is referred to as the total ion chromatogram (TIC), and each of the peaks in the 
chromatogram represents the signal created when a compound elutes from the GC column 
into the detector.  On the chromatogram the x-axis represents the retention time, and the y-
axis represents the intensity of the signal.  Each peak represents an individual compound 
that was separated from the mixture.    
After the individual compounds elute from the GC column, they enter the electron 
ionization (mass spec) detector.  In the detector a stream of electrons bombard the individual 
compounds, and cause the compounds to fragment.  These fragments are charged masses 
and are identified by the mass to charge ratio (m/z).  A quadrupole, a group of four 
electromagnets, guides the positively charged fragments through a slit and into a detector.  
On the generated mass spectra the x-axis represents the m/z ratios for the various ions 
detected, and the y-axis represents the signal intensity of each fragment. 
 
2.3.2  Derivatization of Organotin Compounds Using Tetraphenylborate 
 Tetraphenylborate gave relatively poor derivatization yields to the butyltin 
compounds and produced high levels of side reaction.  Compared to the underivatized 
tributyltin sample the phenylated sample displayed poor results with the intensities of the 
three butyltins in the TICs dramatically decreased, and the peak of MBT was undetectable. 
Unphenylated amounts of the butyltins also appeared in the phenylated sample showing that 
the reaction did not go to completion even though the ratio of sodium tetraphenyl borate to 
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the butyltin compounds was greater than 1:1.   Phenylation was not improved or dependent 
upon the solvent (solvents included methanol, toluene, and hexane) that the butyltin 
compounds were prepared in, as each solvent yielded poor results with the butyltin 
compounds barely detected in the spectra.   A 2004 GC-MS study on the determination of 
butyltin compounds in sediment performed by Yongil Won et al. at the Korea Research 
Institute of Standards and Science resulted in poor derivitization results when using sodium 
tetraphenylborate compared to sodium tetraethylborate.9  Sodium tetraphenylborate 
produced relatively lower yields compared to sodium tetraethylborate, and produced high 
amounts of side reaction products. 
 
Figure 4: Partially phenylated TBT sample as indicated by the double peak at 7 minutes in 
the chromatogram.  One of the peaks represents the phenylated portion of the TBT, while 
the other peak is the unreacted TBT portion.   
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2.4 Spectra Analysis 
The analysis of the underivatized butyltin compounds solvated in methanol provided 
the most telling chromatogram and mass spectra concerning the elution time of the tin and 
the ion fragments present in the mass spectra. On the chromatogram (TIC) TBT was shown 
to elute at approximately 7 minutes, DBT eluted at approximately 6 minutes, and MBT 
eluted at approximately; these times are liable to vary slightly since elution time is dependent 
upon column length.  Elution time is also dependent upon the length of the column.  A piece 
of the column is cut off every time it is switched out and re-inserted into the GC-MS oven, 
therefore the elution time of the sample components off of the column will vary slightly 
each time the column is shortened. 
 
Figure 5: Underivitized TBT sample with TBT eluting off the column at 7 minutes, 
DBT, eluting at 6 minutes, and MBT eluting at 5 minutes as seen on the 
chromatogram. 
 
69 
                                                                                                                                            
Tin has a distinct isotopic signature of symmetrically clustered peaks.   Searching the 
spectra for this signature in conjunction with the NIST Database allowed for many of the 
ion fragments and compounds to be identified in the mass spectra.   
The analysis of the butyltin standards was useful to obtain qualitative results; 
however, isotopic tagging of each species would need to be employed to gain quantitative 
results due to interspecies conversion.  Tributyltin often looses a butyl group and converts 
to dibutyltin, and dibutyltin converts to monobutyltin. 
 
m/z Ratio Identified Compound or Ion 
269 amu [CH3(CH2)3]2SnCl+ 
213 amu [CH3(CH2)3]SnCl2+ 
155 amu SnCl3+ 
121 amu Sn4+ 
177 amu [CH3(CH2)3]Sn3+ 
Table 4:  Identified compounds in ions found in the butyltin standard spectra. 
 
2.5 Contamination within the HP-5 Column 
In addition to the use of a poor derivitization reagent contributing to poor 
stabilization it was also discovered that the butyltin compounds were unable to elute from 
the column, and were being entrapped within it.  This discovery was made when large 
concentrations of tin were found in another graduate student’s spectra of an organic 
sample that was also run using the HP-5 column.  The known portion of the organic 
sample contained 4-penten-1-yl acetate, and is relatively non-polar.  
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 Both hexane and toluene were first used in an attempt to flush the column, but 
were unable to strip the tin from the column and returned blank spectra.  Finally, the 
organic sample was used to attempt to flush the column, and while the sample was able to 
strip the tin from the column, the amount of tin entrapped on the column was so great that 
the column had to be replaced.   
 
Figure 6:  Tin contamination seen in biological sample’s chromatogram between 6 
and 7 minutes. 
 
There are several plausible theories as to why the tin was unable to elute from the 
column.  One of the reasons is that an unknown sample run on the column prior to the tin 
had a great affinity for the tin, and bonded the tin to the column.  It is also possible that 
the solvents carrying the tin traveled through the column too quickly, or were too volatile, 
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and left the tin behind.  The column contamination could likely be traced to the poor 
derivitization reagent. 
 
 
 
 
 
CHAPTER 3 
SUMMARY AND CONCLUSIONS 
 
 The goal of this study was to perform a literature review and exploratory research 
on the analysis of the degradation of butyltin compounds in the environment.  Tributyltin 
(TBT) degrades into dibutyltin (DBT), monobutyltin (MBT), and eventually the tin ion. 
Butyltin compounds show a pattern of decreasing in toxicity as they degrade and butyl 
groups are lost. 
The research was primarily focused on the derivitization of butyltin species for 
gas chromatography-mass spectrometry (GC-MS) analysis.  Phenylation was chosen as 
the mechanism for derivitization as opposed to ethylation, do to the success of 
derivitizing organomercury compounds with sodium tetraphenylborate.  Sodium 
tetraphenylborate was also substantially inexpensive compared to sodium 
tetraethylborate. 
 Future recommendations for the analysis of organotin compounds include using a 
more sensitive analytical technique such as HPLC-ICPMS or ESI-TOF/MS, or a different 
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derivitization reagent to be used with GC/MS.  By using one of these two techniques the 
use of a derivitization reagent is also circumvented, since these methods due not require 
compounds to be stabilized by derivitization for analysis.  The obvious choice for an 
alternative derivitization reagent would be sodium tetraethylborate due to its success 
noted in the literature review.4,5,9 
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